The first trimester of pregnancy is characterized by continuous proliferation, invasion and differentiation of cytotrophoblasts.
Introduction
The human placenta is located between the maternal and fetal circulation and represents a key organ for fetal development (Desoye and Shafrir 1994) . The trophoblast compartment represents the interface between the placenta and the maternal blood and tissue. It comprises the syncytiotrophoblast, a continuous epithelium harboring placental key functions such as endocrine, metabolic and transport activities, and the cytotrophoblast. Based on their prevailing biological function, two cytotrophoblast phenotypes have been identified, i.e. proliferative and invasive cytotrophoblast https: //doi.org/10.33549/physiolres.933828 S248 Majali-Martinez et al. Vol. 67 (Knofler and Pollheimer 2013) . Proliferative cytotrophoblast comprises the placental villi and can fuse to form the syncytiotrophoblast. Invasive trophoblast migrate and invade the uterine decidua and spiral arteries, anchoring the placenta in the uterus and opening the spiral artery lumen (Chen J.Z. et al. 2012) . The remodeling of the spiral arteries occurs around week 10 of gestation, allowing adequate blood supply to the fetus, which is paralleled by an increase in the oxygen tension in the intervillous space (Whitley and Cartwright 2010) . Thus, the placenta, its maternal environment and the biological processes associated to them undergo profound changes along the first trimester of pregnancy (GoldmanWohl and Yagel 2002, Fryer and Simon 2006) .
The endothelins (ETs) are a family of three polypeptides (ET-1, ET-2, ET-3), which are present in the placenta already at week 7 of gestation (Jauniaux et al. 2000) . Together with the two G-protein-coupled membrane receptors, ET A and ET B , the ETs form an autocrine, paracrine and endocrine system. Although ET-1 has been initially identified as regulator of the vascular tone, it exerts other cellular functions. In the human placenta we have demonstrated that ET-1 regulates cell proliferation, invasion and apoptosis, the specific effects depending on the period of gestation and the cell type. At term of gestation cytotrophoblasts secrete ET-1 (Cervar et al. 1996a) and express both ET A and ET B receptors (Cervar et al. 2000) . This allows an autocrine/paracrine ET-1 action, protecting cytotrophoblasts from apoptosis through ET B receptor activation (Cervar-Zivkovic et al. 2007) .
In the first trimester of pregnancy, ET-1 stimulates trophoblast proliferation and invasion in vitro in a receptor subtype-specific manner, with ET A being present predominantly on proliferative cytotrophoblasts, whereas ET B can be found on both cytotrophoblast subpopulations (Cervar et al. 1996b , Cervar-Zivkovic et al. 2011 . Cytotrophoblast proliferation and invasion are critical for a successful pregnancy, and their impairment has been linked to certain pregnancy complications such as in preeclampsia, gestational diabetes and miscarriages, where the ET system has also been implicated (Khong et al. 1992 , Brosens et al. 2002 , Dieber-Rotheneder et al. 2006 , Dieber-Rotheneder et al. 2012 , Cervar et al. 1995 , Cervar and Desoye 1998 . However, the temporal regulation of the ET system along the first trimester of pregnancy remains unknown.
The present study tested the hypothesis that the ET-system undergoes temporal changes in the first trimester of human pregnancy and that the pattern of these changes differs between both cytotrophoblast subpopulations, i.e. proliferative and invasive cytotrophoblast. The specific aim of the study was to investigate whether ET-1 release and ET-1 receptor expression are increased towards the end of the first trimester of human pregnancy (weeks 10-12), and to test for their functional consequences.
Methods
The study was approved by the ethical committee of the Medical University of . Signed informed consent was obtained from the pregnant women.
Isolation of cytotrophoblast subpopulations
Cytotrophoblast cells were isolated from 17 placentas obtained after legal abortions performed for psychosocial reasons between weeks 6-12 of gestation. Gestational age was determined by measuring the crown rump length in the first trimester of gestation. After the standard cell isolation procedure using enzyme digestion and Percoll-gradient separation as described previously (Cervar et al. 1996a , Cervar et al. 1999 , the common leukocyte antigen expressing cells (20-30 % of cells) were incubated with 30 µl of an anti-CD45RB monoclonal antibody (Dako, Glostrup, Germany) for 30 min at 4 °C with gentle swirling. After incubation, the cells were washed with PBS containing 0.1 % bovine serum albumin (Sigma-Aldrich, Vienna, Austria). Magnetic particles coated with goat anti-mouse IgG-antibody (30 µl Dynabeads M-450; Dynal, Oslo, Norway) were incubated with the cell suspension for 20 min at 4 °C with gentle swirling. A magnet was applied along the test tube to retain the particles bound to the cells expressing CD45RB on their surface. About five million cells were obtained from 2-4 g placental tissue after initial immunopurification with CD45RB antibody.
Proliferative and invasive cytotrophoblasts were separated based on their surface α 6 integrin expression. The cells in the proximal part of the trophoblast cell column express α 6 integrin and were considered proliferative, and those devoid of integrin α 6 were regarded as representing the invasive phenotype and to originate from the more distal part of the trophoblast cell column (Cervar-Zivkovic et al. 2011) . In order to separate the proliferative and invasive trophoblast cells, the purified cytotrophoblasts were incubated for 30 min at 4 °C with 30 µl of a mouse anti-CD49f monoclonal antibody (clone VLA6, Immunotech, Marseille, France) directed against integrin α 6 (Khong et al. 1992). As described above, the cells expressing α 6 integrin on their surface were separated using a magnet and further detached from the beads using an acid wash in bicarbonate buffer (pH 5.5).
Cell characterization
Aliquots of the cell suspensions (0.1 ml containing 10 4 cells) were cultured on chamber glass slides (Nunc, Naperville, Illinois, USA) with DMEM. After 24 h, cells adhering to the coverslips were washed in PBS, pH 7.2, for 5 min. Cells were incubated with the following monoclonal primary antibodies, which were diluted in PBS containing 0.1 % BSA: anti-cytokeratin 7 to identify trophoblastic cells (1:50; Monosan, Uden, Netherlands), anti-CD45RB (1:50; Monosan, Uden, Netherlands) to recognize the leukocyte common antigen, anti-CD49a-FITC conjugate (1:100; Serotec, Kidlington, UK) to identify α 1 integrin positive cells, anti-CD49e-FITC conjugate (1:20; Serotec) for α 5 integrin positive cells, and anti-CD49f-FITC conjugate (1:50; Serotec) for α 6 integrin positive cells. Antibody incubation was followed by three washing-steps in PBS, pH 7.2. Subsequent to the staining with anti-cytokeratin 7 and anti-CD45RB, a 30 min incubation with a goat anti-mouse secondary antibody (FITC-conjugated, 1:20; Dianova, Hamburg, Germany) was performed. Cells were counted in 10 random fields at a magnification of 400X using a light and fluorescence microscope Axioplan (Zeiss, Oberkochen, Germany) with Axiovision 4.6 software. After immunopurification with anti-CD45RB antibodies more than 99 % cells reacted with anticytokeratin 7 antibodies (trophoblast cells) and <1 % with anti-CD45RB antibodies (myeloid origin). After the subsequent immunoseparation with the integrin α 6 antibody, 99 % of proliferative and <1 % of invasive cells were α 6 positive.
Cell culture
The separated α 6 integrin positive (proliferative) and α 6 integrin negative (invasive) cells were washed with PBS containing 0.1 % bovine serum albumin. Subsequently, proliferative and invasive cytotrophoblast were plated on plastic or growth factor reduced Matrigel (Becton Dickinson, Laevosan, Linz, Austria), respectively. Matrigel is a common extracellular matrix used to ensure that invasive cytotrophoblast retain their phenotype in culture (Tarrade et al. 2002) . Both proliferative and invasive cells were cultured in DMEM without FCS in a humidified incubator at 5 % carbon dioxide and 37 °C. After 24 h, the media were collected and the cells removed in PCR buffer and stored at -80 °C until analysis.
ET-1 release
The concentration of ET-1 in the culture medium was measured in triplicate by a commercially available radioimmunoassay (Amersham, Little Chelfont, UK) with the following performance characteristics: intra-assay coefficient of variation <7.2 %, inter-assay coefficient of variation <4.6 %, cross-reactivity <0.001 % with endothelin-3, <0.003 % with big endothelin; sensitivity 2 fmol/ml. The ET-1 concentration in medium without cells was below the detection limit of the assay. Results were expressed as pg of ET-1 secreted per 10 6 cells.
RT-PCR RNA isolation and amplification
The PCR reaction mix was overlaid with mineral oil and kept on ice until the thermal cycler reached 95 °C. After denaturation at 95 °C for 120 s samples were subjected to 25 cycles of PCR amplification. Each cycle consisted of a 30 s denaturation at 94 °C, a 30 s annealing at 55 °C and a 60 s extension at 72 °C. Ten µl of each PCR reaction mixture were separated by electrophoresis on 3 % agarose gels (Metaphor agarose, FMC BioProducts, Rockland, ME, USA) in Tris borate/EDTA buffer, stained with ethidium bromide, visualized by UV-irradiation and photographed.
Quantitative analysis
Ethidium fluorescence associated with the DNA bands in the gel was quantitated using a working station including a UV transilluminator light box, a high speed video camera (Hitachi, Vienna, Austria) connected directly to a computer-based system for data analysis and storage (Elscript software, Hirschmann, Munich, Germany) and an attached video printer for hardcopy output (Mitsubishi, Vienna, Austria).
Validation of the assay
To determine the ET-receptor mRNA content in different tissue samples, values of ET-receptor mRNA were normalized to values of ribosomal RPL30 mRNA as an internal standard.
The absence of contaminants was verified in concentration of ET-1 and the same cell density as described above. After the incubation period, the media were collected from the upper and lower wells. The cells were scraped from the upper side of the membrane separating both compartments and added to the respective medium. The membrane with the cells attached underneath was added to the medium from the lower well. Radioactive disintegrations were measured with a scintillation counter and the invasion index (lower well radioactivity/total well activity x 100) was calculated (Cervar-Zivkovic et al. 2011 ). This method allowed controlling for the ET-1 induced change in cytotrophoblast number.
Statistics
Data are presented as mean ± SEM of n=5 isolations per time period unless stated otherwise. Each experiment was run in 3 technical triplicates. Significance of differences was tested using non-parametric Mann Whitney U-test with p≤0.05 accepted as significant.
Results

Release of ET-1
ET-1 release was influenced by the extracellular matrix, the cell phenotype and the week of gestation. When compared with the same cell type cultured on plastic, Matrigel induced a significant increase of ET-1 secretion in proliferative cytotrophoblast from weeks 10-12 (p<0.001) and in invasive cytotrophoblast from weeks 6-9 and 10-12 (p<0.05) (Fig. 1) . Fig. 1 . Release of ET-1 into the culture medium from human first trimester proliferative and invasive cytotrophoblast (CT) cells (10 6 cells/well; n=5 isolations) cultured for 24 h on plastic or Matrigel. °p<0.05, °°°p<0.001, vs. plastic, *p<0.01 vs. 6-9 weeks, § p<0.01 vs. proliferative cytotrophoblast.
A direct comparison between both cell phenotypes, i.e. proliferative and invasive cytotrophoblast, showed that invasive cells secrete a higher amount of ET-1 than proliferative cells only when cultured on Matrigel ( Fig. 1 ; proliferative vs. invasive; p<0.01). These differences were independent of the week of gestation. No differences on ET-1 release were found between proliferative and invasive cytotrophoblast cultured on plastic.
Finally, when comparing proliferative and invasive cytotrophoblast from different weeks of gestation (i.e. weeks 6-9 vs. weeks 10-12), we found an increase of ET-1 release in both proliferative and invasive cytotrophoblast from weeks 10-12, although only the latter reached significance. Again, these differences were only observed when the cells were cultured on Matrigel.
Expression of endothelin receptors
ET-A mRNA expression was similar in proliferative and invasive cytotrophoblasts at both time periods, suggesting that gestational age had no significant effect on ET-A mRNA levels (Fig. 2a) . There was a tendency for lower ET-B mRNA levels in invasive cytotrophoblast in comparison with proliferative cytotrophoblasts, but data variation precluded the significance in the latter. The time period did not have a significant effect on ET-B mRNA levels (Fig. 2b) . Combining ET-B mRNA data from weeks 6-9 with those of weeks 10-12 showed time-independent lower ET-B mRNA levels in invasive compared to proliferative cytotrophoblasts (p≤0.05). 
The effect of ET-1 on proliferation and invasion
Cytotrophoblast proliferation and invasion were measured on cells cultured on plastic and Matrigel, respectively. Cell proliferation and invasion decreased with gestational age (Fig. 3 and Fig. 4 ; p<0.01). This decrease was observed in both the untreated control group and in those cells incubated with 10 nM/ml ET-1.
Exogenous ET-1 stimulated proliferation at both periods of gestation, with an increase of 54±10 % at weeks 6-9 and 70±14 % at weeks 10-12, respectively ( Fig. 3; p<0 .01 vs. control). The stimulatory effect of ET-1 on cytotrophoblast invasion was dependent on weeks of gestation, being stronger at weeks 10-12 (7-fold increase) than at weeks 6-9 (20±11 % increase) (Fig. 4; p<0.01 vs. control). Fig. 3 . Effect of ET-1 on cytotrophoblast proliferation. Proliferative human first trimester cytotrophoblast (n=4 isolations) were cultured on plastic and incubated in the absence (control) or presence of 10 nmol/ml ET-1 for 24 h. Cell proliferation was expressed as the number of radioactivity counts per 10 4 cells. °p<0.01 vs. control, *p<0.01 vs. 6-9 weeks. Fig. 4 . Effect of ET-1 cytotrophoblast invasion. Invasive human first trimester cytotrophoblast (n=3 isolations) were cultured on Matrigel and incubated in the absence (control) or presence of 10 nmol/ml ET-1 for 24 h. Results were expressed as the cell invasion index. °p<0.01 vs.control, *p<0.01 vs. 6-9 weeks.
Discussion
The present study investigated the temporal changes in the endothelin system and two of its key functions, i.e. regulation of cell proliferation and invasion, during early and late first trimester of pregnancy in the two different cytotrophoblast populations, i.e. proliferative and invasive cytotrophoblast. These phenotypes were isolated based on their surface α 6 integrin expression. The separate analysis of these two cytotrophoblast subtypes is a major strength of this study.
Three key results were found. First of all, the characteristic intrinsic properties of first trimester human cytotrophoblasts, i.e. proliferation and invasion, are not stable over the period between week 6 to week 12 of gestation. Under control conditions cytotrophoblast is only exposed in an autocrine manner to the intrinsically produced growth factors and cytokines, among which ET-1 is one component (Cervar et al. 1996b , CervarZivkovic et al. 2011 . The weaker cytotrophoblast invasion late in first trimester is in line with the reduction of ET B mRNA levels, which is the ET receptor subtype involved in cytotrophoblast invasion (Cervar-Zivkovic et al. 2011) . Thus, our data suggest that the down-regulation of ET B expression could not be compensated by an increase of ET-1 secretion. Nevertheless, other mechanisms governing trophoblast invasion, i.e. a diminished activity of invasion promoting molecules or the secretion of anti-invasive factors, should be considered (Knofler and Pollheimer 2013) .
Second, exogenous ET-1 increases human first trimester cytotrophoblast proliferation and invasion. In vivo, the source of ET-1, which govern cytotrophoblast functions, may be either the cytotrophoblast or cells of the maternal endometrium (Cameron et al. 1995) , thus representing a paracrine and/or autocrine system. It may participate in local events, controlling mesenchymalepithelial interactions during implantation and trophoblast invasion. The exogenous supply of ET-1 in this study aims to mimic the paracrine effect of ET-1 on first trimester cytotrophoblast in vitro. In our study, the stimulatory effect of ET-1 on cytotrophoblast proliferation and invasion was stronger in late first trimester cytotrophoblast. This suggests an important role of both paracrine and autocrine ET-1, since ET-1 secretion is increased in late first trimester cytotrophoblast. Moreover, this effect might be also associated with the differential ET B receptor expression in early vs. late first trimester cytotrophoblasts.
Third, Matrigel modifies ET-1 secretion. Although a detailed analysis of the effect of extracellular matrix was outside the scope of this study, the data demonstrate a link between extracellular matrix and ET-1 secretion. This may suggest an involvement of the integrin-focal adhesion kinase complex on ET-1 secretion (Haneda et al. 1995) . However, although growth factorreduced Matrigel was used in the study, traces of growth factors are still present and their contribution cannot be fully ruled out.
The specific mechanisms accounting for the temporal expression changes are unknown. The proximal promoter of ET-1 and ET B harbor hypoxia response elements (Minchencko et al. 2000) and may thus be regulated by changes in ambient oxygen as they occur between weeks 8 and 10 of gestation, which are the gestational periods studied here. Alternative mechanisms could involve microRNA-199 and/or microRNA-155 (Yeligar et al. 2009 ). The latter seems an attractive hypothesis warranting further investigations, because microRNA-155 inhibits proliferation and migration of extravillous cytotrophoblast cell models (Dai et al. 2012) . The contribution of shear-stress regulated transcription factors is a further potential mechanism.
The results presented here have important implications. Trophoblast invasion is limited in time and space and regulated by at least metalloproteinases 2, 9, 14 and 15 (Cohen et al. 2010 , Majali-Martinez et al. 2016 , several cytokines (TGF-ß, TNF-α, IFN-γ) (Otun et al. 2011 , Prutsch et al. 2012 , growth factors (HB-EGF, EG-VEGF, leptin) (Chen Y. et al. 2012 , Brouillet et al. 2013 , Chen et al. 2011 and hormones (HCG, progesterone, estrogen, leptin) (Chen J. Z. et al. 2012 , Goldman-Wohl and Yagel 2002 , Chen et al. 2011 , Liu et al. 2009 ). However, these studies have not distinguished between several periods in the first trimester. Therefore, it cannot be ruled out that some of these factors may have other effects, if any at all, at different periods in the first trimester. Moreover, results obtained with first trimester trophoblast primary isolations and cell lines often represent only one stage of first trimester and generalizations for the whole period of first trimester of pregnancy have to be made with caution.
Conclusion
The present study provides the first evidence that the ET-1/ET-receptor system governs trophoblast invasion and proliferation in a temporal manner in addition to its spatially restricted regulation (CervarZivkovic et al. 2011 , Thaete et al. 2007 . Thus, the present study adds time in gestation as a further layer of regulation of the endothelin system in human cytotrophoblast, allowing the fine tuning of its special functions in early placental development. Disturbances of this system may contribute to the etiology of pregnancy complications associated with impaired cytotrophoblast invasion or proliferation (Khong et al. 1992 , DieberRotheneder et al. 2006 . The clear influence of gestational age in the first trimester of two processes essential for establishing and maintaining a successful pregnancy has important implications for our understanding and will stimulate new studies in this area of research.
Limitations
Some limitations of the study need to be acknowledged. We have aimed for highly purified cytotrophoblast subpopulations. As the quality controls demonstrated this was successfully achieved but at the cost of yield. The low number of cells did not permit carrying out additional protein studies with the same preparations used for the functional assays. Thus, the ET receptor data are limited to the transcript level. Moreover, in vivo the oxygen tension rises in the intervillous space between weeks 6 and 12 of pregnancy from 2.5-6.5 % O 2 to 8 % O 2 (Rodesch et al. 1992) . This situation was not mimicked in our experiments, which were performed only under 20 % O 2 . Oxygen tension is a classical regulator of gene expression (Fryer and Simon 2006) , including ET-1 (Stow et al. 2011) and ET B expression (Jain et al. 2012) . Although this was out of the scope of the present study, further investigation about the role of oxygen in the regulation of the ET system in the first trimester of pregnancy is warranted.
Conflict of Interest
There is no conflict of interest.
